Transcutaneous electrical nerve stimulation (TENS) is a useful modality for pain control. TENS has recently been applied to decrease spasticity. The purpose of this study is to determine whether the addition of TENS to an exercise program reduces spasticity and improves balance and gait in chronic stroke patients.
Background
Chronic stroke patients commonly experience decreased balance control, which dramatically impacts their ability to perform activities of daily living (ADLs), or purposeful activities [1] , and maintain independent gait [2] . Decreased balance may be due to cognitive changes, decreased muscle power, limited range of motion, abnormal muscle tone, uncoordinated movements, or sensory integration alterations [3] . Spasticity, which is the major cause of decreased balance and gait, has commonly been reported in patients with stroke, multiple sclerosis, spinal cord injury, and traumatic brain injury. Moreover, spasticity causes spastic movement disorder, slowed gait, and disturbances in voluntary movement [4] . In addition, passive and active range of motion, functional ability, and dynamic balance are affected [5] . Passive movement [6] , passive stretching [7] , prostheses [8] , and electrical stimulation [1] have been employed in efforts to decrease spasticity.
Electrical stimulation has been used in the rehabilitation of chronic stroke patients, and functional electrical stimulation by neuromuscular electrical stimulation and transcutaneous electrical nerve stimulation (TENS) have been used for pain and sensory stimulation. TENS and functional electrical stimulation have been shown to increase muscle power and movement function, and decrease spasticity [9] . However, functional electrical stimulation induces more powerful muscle contraction and a wider range of motion than does TENS, and the repetitive movement and sensory information that results from functional electrical stimulation effectively improve gait speed and increase muscle power in chronic stroke patients [9] . Use of TENS for inhibition of spasticity, antagonist stimulation [1] , agonist stimulation [2] , and dermatome stimulation on spastic muscle [3] has been reported.
The combination of TENS and task-oriented movement was demonstrated to improve functional ability relative to the placebo TENS group [10] , and TENS with Bobath treatment resulted in decreased spasticity, compared to the use of Bobath treatment group, have been reported [11] . For chronic hemi-neglect patients, application of TENS on the paretic neck muscle resulted in increased postural control and spatial improvement [12] , while normal participants who received TENS showed decreased postural sway when standing [13] . However, previous studies used TENS independently or with an exercise program for a short period of time. Therefore, in this study, we examined the effects of a TENS exercise program on spasticity, balance, and gait in chronic stroke patients to determine whether exercise with TENS increases patients' exercise function.
Material and Methods

Design
This study was a single-blinded, multicenter, randomized controlled trial. The patients were randomly allocated to either TENS group or Placebo TENS group in a ratio 1:1. All patients had an equal probability of assignment to the groups. External randomization was achieved by Random Allocation Software (Ver. 2.0) [14] in blocks of 4 stratified by 4 hospitals.
This study protocol was approved by the institutional review board of Sahmyook University.
Participants
One hundred participants were initially recruited from 4 rehabilitation hospitals in Seoul, South Korea. Participants were included if they had been diagnosed with hemiplegic stroke more than 6 months previously (to exclude natural recovery) and were able to walk 10 m independently. Exclusion criteria included cognitive impairment indicated by scoring higher than 24 on the Mini-Mental State Examination [15] , other orthopedic disease, and visual or auditory disorders. Thirty quadriplegic patients, 29 patients who could not walk 10 m independently, 4 patients with orthopedic disorder, and 3 patients with cerebellar disease were excluded from the study. Thirty-four eligible participants provided written informed consent after receiving an explanation of the study (Figure 1 ).
The sample size was calculated using the mean difference in modified Ashworth scale (MAS) for spasticity between the experimental and control groups. Using G-power software (Ver. 3.1) founded on pilot study results, we set the effect size at 0.992. When a 2-tailed test with a test power of b=0.8 and significance level of a=.05 was applied [16] . The calculated sample size was 30. Four additional participants were recruited in anticipation of a dropout rate of approximately 15% during the study.
Intervention
Seventeen participants received TENS plus therapeutic exercise (TENS group), and 17 participants received Placebo TENS plus therapeutic exercise (Placebo TENS group). Participants in the 2 groups engaged in the same 30-min therapeutic exercise 5 days per week for 6 weeks.
Therapeutic exercise
Participants engaged in a 30-min exercise with a physical therapist. The exercise comprised a one-to-one ROM exercise (10 min), a functional mat exercise (10 min), and a gait exercise (10 min), which were each performed at a difficulty level appropriate 1891 for the patient. In order to minimize differences between the present and previous interventions, the exercise program was performed according to the pre-set principles, once 1 week before the experiment, and 6 times during the experiment; thus, there were 7 education and practice sessions in total. Education was provided to resolve problems occurring during the exercise program, and to teach performance of exercise program according to the established principles. Participants in both groups performed exercises in the same manner.
TENS plus therapeutic exercise group (TENS group)
Two-channel TENS (TENS-7000, Koalaty Products Inc., USA) was used. TENS electrodes (5 cm 2 ) were placed on the affected lower extremity on the lateral and medial quadriceps and gastrocnemius. A frequency of 100 Hz and a pulse width 200 µs were used. Participant pre-stimulation threshold was measured from 0.01 mA and stimulated by 90% amplitude using the sub-sensory threshold [4] . Stimulation was 30 min, and the patient perceived no sensation. TENS was used with the general exercise program.
Placebo TENS plus therapeutic exercise group (Placebo TENS group)
Two-channel TENS was used in the same manner as in the TENS group. However, stimulation was not applied and patients were informed that the treatment would be imperceptible.
Outcome measures
Modified Ashworth scale (MAS)
The MAS was used to measure spasticity. The MAS is a subjective method used for the measurement of spasticity. The intrarater credibility was.57 and inter-rater credibility was.62 [5] . To perform the MAS, the patient's ankle is passively extended from maximal plantar flexion to the painless range and the examiner assigns a score that ranges from 0 to 4 (0, 1, 1+, 2, 3, and 4): 0 indicates normal or very low muscle tone, and 4 indicates that passive extension is not possible. The examiner repeats the measurement 3 times while covering the patient's calf with 1 hand to ensure that the knee does not bend while the patient is lying supine, and dorsiflexion of the patient's ankle with the other hand.
Balance
For measurement of static balance, the Good Balance (Metitur Ltd, Finland, 2008) device was used. This device, which comprises a portable triangular foot plate and a scale on the foot plate for foot placement, is widely used for measuring balance in elderly persons and chronic stroke patients [6] . The device also contains a Bluetooth ® system. Using the test-retest method, the intra-rater correlation coefficient was above.83, which suggests high credibility. Participants stood with eyes open on the foot plate with their second toe and heel over the scale lines and maintained the position for 30 s; measurements were performed 3 times, maintaining for 30 s with eyes closed. The average of the measurements was used as an indicator of anterior-posterior and medial-lateral postural sway, speed, and speed moment.
The Timed Up and Go (TUG) test was used to assess dynamic balance in the patients. This test measures the time required for a patient to stand up from a 46-cm-high chair, at the cue of 'start' and walk 3 m in front of them, and return to the chair. Patients wore their usual shoes, and used gait-assistance tools. The intra-rater credibility was.99, and inter-rater credibility was.98. A timer was used for 3 repeated measurements.
Gait ability
A gait analyzer (OptoGait, Microgate S.r.l, Italy, 2010) was used to test the gait pattern of patients and quantity of gait analysis. Temporal and spatial gait were measured. The gait analyzer was 3 m in length and had 2 transmitting bars and a webcam (Logitech Webcam Pro 9000). The distance between the 2 bars was 1 m, bars were 1 cm from each other, and were continuously receiving signals from a light-emitting diode in Potentially chronic stroke survivor (n=100)
Analyzed (n=15) Analyzed (n=4) the transmitter. Participants gait was sensed and transmitted through the infrared ray sensor, temporal and spatial variables were collected, and participant walking order was stored in the webcam and later synced with the perception error for accurate gait measurement. Collected data were processed using OptoGait, Version 1.5.0. 0 software (Microgate S.r.l, Italy, 2010). To ensure data collection accuracy, the device was calibrated before the test. In order to minimize muscle fatigue, a 1-minute break was provided between measurements; measurement was repeated 3 times, and the average was used.
Data analysis
For data analysis, SPSS ver. 16.0 was used for averages and standard deviations. Data normality was tested using Shapiro-Wilk test, and all variables showed normal distribution. Independent t-tests and chi-squared tests were used for homogeneity testing. A paired t-test was used for comparison of within group exercise. An independent t-test was used for comparison of exercise differences between groups. Significance level was set at 0.05 for all analyses.
Results
Thirty-four participants with stroke participated in the study. Five participants dropped out: 2 participants from the experimental group and 3 participants from the control group ( Figure 1 ).
Participants in the TENS group and the placebo TENS group were the same with regard to general characteristics. No significant difference in general characteristics was noted between groups (Table 1 ).
The TENS group showed more reductions of MAS than the placebo TENS group (p<.05) ( Table 2) .
On the static balance test, a significant difference in eyes closed and opened, anterior posterior, medial lateral postural sway velocity, and velocity moment was observed in the TENS group before and after the test (p<.05), and in mean difference from pre-and posttest between the 2 groups (p<.05) ( Table 3 ).
In TUG of the dynamic balance test, a significant difference in before and after the test was observed in the TENS group (p<.05) and the TENS group was more improved than the placebo TENS group (p<.05) ( Table 2) .
On the gait analysis test, significant differences in velocity, cadence, and step length and stride length of the paretic side were observed in the TENS group before and after the test (p<.05), but in the Placebo TENS group, only velocity showed 
Discussion
Our results suggest that the combination of TENS and exercise improves spasticity, balance, and gait in chronic stroke patients. In previous studies using motor level stimulation threshold, application of TENS resulted in decreased spasticity in patients with spinal cord injury [17] and chronic stroke patients [18] , and decreased H-reflex size and spasticity in patients with hemiplegia [10] .
Robbins et al. [7] reported that motor level stimulation has to be far above threshold for attainment of muscle contraction related to proprioception feedback in skin, muscles, and joints; and that sensory-level stimulation has to affect the afferent fibers of skin with no muscle contraction. Gravelle et al. [19] reported that sensory-level stimulation of a lower threshold stimulates skin or proprioceptors to increase skin or proprioception to increase standing posture stability. Dickstein et al. [20] reported that use of TENS led to an increase in somatosensory flow from the lower extremity.
In this study, after TENS and exercise, a greater decrease in MAS was observed in the TENS group relative to the Placebo TENS group. In this study, sensory level TENS was applied on the gastrocnemius and quadriceps, and exercise was performed to decrease spasticity.
Decreased spasticity led to improved asymmetric alignment, decreased extremity function, and (possibly) effective energy consumption.
Proprioceptive sensory damage causes postural control difficulties because it alters one's perception of changes in body orientation in the environment [13] ; various types of sensory stimulation, such as proprioception, induce development of minimum muscle contraction and activation of the cortex and cerebellum, which affects balance [21] . This evidence demonstrates that exercise with TENS promotes activation of the network that mediates proprioception and balance.
Gravelle et al. [19] reported that standing on 1 foot decreased postural sway in elderly individuals who received electrical stimulation, and Pérennou et al. [22] reported a decrease in postural sway in stroke patients who received TENS on the cervical area.
In this study, TENS was applied to chronic stroke patients at 100 Hz below threshold on the gastrocnemius to decrease postural sway; the results were the same as those of previous studies [4] .
The TENS group showed greater improvement in balance relative to the Placebo TENS group. This result is the same as that of a study reporting that TENS improved somatosensory function in the lower extremity [23] . This study conducted an exercise program with TENS to improve standing postural control, and maintenance on quadriceps and gastrocnemius increased somatosensory function in the lower extremity.
The improvement in balance might have been due to changes in the distance of cadence or step length on the affected side. Gait is a complex movement consisting of balance, coordination, proprioception, and integrated harmony between joints and muscles [24] . Ng and Hui-Chan [18] applied TENS on acupuncture points and reported improved gait speed and endurance. Chen [25] applied sensory electrical stimulation on the Achilles tendon and gastrocnemius 6 times per week for 1 month, and reported significantly increased gait speed in stroke patients.
The TENS group showed improved gait speed, step length, and cadence in the affected leg during gait, compared with the Placebo TENS group. Previous studies used TENS for measurement of balance, but not gait, or did not report significant improvements in gait; however, correlations were observed between balance and gait function. Most chronic stroke patients have an asymmetric gait pattern, resulting in decreased speed, increased double stance, and short step length [26] . In this study, the combination of exercise and TENS effectively improved proprioception to each muscle, resulting in increased body orientation. Participant gait pattern became more symmetrical, as evidenced by the measured gait parameters.
Our study has several limitations. First, the mechanism by which TENS is effective cannot be adequately explained. Second, the sample size was small, which limits the generalizability of the data. Third, there was no long-term follow-up. Further research is needed to develop a more objective design.
Conclusions
Given the findings of this study, we can logically assume that exercise therapy with TENS improves spasticity, balance, and gait in chronic stroke patients and could be actively used in clinic settings as an adjunct to conventional physical therapy.
